We investigate how the dark energy properties impact the constraints on the total neutrino mass in interacting dark energy (IDE) models. In this study, we focus on two typical interacting dynamical dark energy models, i.e., the IwCDM model and the IHDE model. To avoid the large-scale instability problem in IDE models, we apply the parameterized post-Friedmann (PPF) approach to calculate the perturbation of dark energy. We employ the Planck 2015 CMB temperature and polarization data, combined with low-redshift measurements on baryon acoustic oscillation distance scales, type Ia supernovae, and the Hubble constant, to constrain the cosmological parameters. We find that the dark energy properties could influence the constraint limits on the total neutrinos mass. Once dynamical dark energy is considered in the IDE models, the upper bounds of mν will be changed. By considering the values of χ 2 min , we find that in these IDE models the NH case is slightly preferred over the IH case; for example, the difference of ∆χ 2 = 2.720 is given in the IHDE+ mν model. In addition, we also find that in the IwCDM+ mν model β = 0 is consistent with current observational data inside the 1σ range, and in the IHDE+ mν model β > 0 is favored at more than the 2σ level.
I. INTRODUCTION
The phenomenon of neutrino oscillation indicates that neutrinos have masses and there are mass splittings between the three-generation active neutrinos (see Ref. [1] for a review). The solar and atmospheric neutrino experiments have measured two independent mass-squared differences, i.e., the solar and reactor experiments give ∆m 2 21 7.5 × 10 −5 eV 2 and the atmospheric and accelerator beam experiments give ∆m 2 31 2.5 × 10 −3 eV 2 [2] . Thus, there are two possible mass hierarchies for the neutrino mass spectrum, namely, the normal hierarchy (NH) with m 1 < m 2 m 3 and the inverted hierarchy (IH) with m 3 m 1 < m 2 , where m 1 , m 2 , and m 3 represent the masses of neutrinos for the three mass eigenstates. Up to now, the absolute masses of neutrinos and mass hierarchies are still unknown, thus it is particularly important to determine them by experiments.
In principle, particle physics experiments can measure the absolute masses of neutrinos, but these experiments all face great challenges [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Actually, cosmological observations play an important role in the study of the masses of neutrinos. In the evolution of the universe, massive neutrinos could leave distinct signatures on cosmic microwave background (CMB) and large scale structure (LSS). From these available cosmological observations, we can extract important information of massive neutrinos. Therefore, cosmological observations are more prone to be capable of measuring the total active neutri-Cosmological measurement of the total mass of active neutrinos has been studied widely . It was found that the properties of dark energy could significantly affect the constraint on neutrino mass [50, 56] . Compared with the cosmological constant plus cold dark matter (ΛCDM) model, the upper limit of the total neutrino mass can become larger and can also become smaller in these dynamical dark energy models. In the case of a phantom dark energy or an early phantom dark energy (i.e, the quintom evolving from w < −1 to w > −1), the constraint on the neutrino mass becomes looser; e.g., in both the wCDM and w 0 w a CDM models with w(z) < −1 in the early times a larger limit on the total neutrino mass is given [50, 56] . On the other hand, in the case of a quintessence dark energy or an early quintessence dark energy (i.e, the quintom evolving from w > −1 to w < −1), the constraint on the neutrino mass becomes tighter; e.g., in the holographic dark energy (HDE) model with c < 1 (that is an early quintessence dark energy) a smaller upper limit on the total mass of neutrinos is given [50] . Moreover, the constraint on the neutrino mass is reduced to 0.10 eV after considering the interaction between dark energy and dark matter [57] . Thus both dark energy properties and the possible interaction between dark energy and dark matter could affect constraint on the neutrino mass.
neutrino mass and mass hierarchy in the interacting vacuum energy (IΛCDM) model has also been explored in Ref. [75] . In Ref. [75] it is shown that the degenerate hierarchy (DH) case gives the smallest upper limit result of the neutrino mass and the NH case is more favored over the IH case.
However, in the study of Ref. [75] , only the scenario of vacuum energy interacting with cold dark matter is considered, and thus the knowledge of how dark energy properties impact on the neutrino mass (with different mass hierarchies) constraint is absent in interacting dark energy (IDE) cosmology. See, e.g., Refs. [57, 75, 76, for the studies of the IDE cosmology. Therefore, we wish to know how the constraints on neutrino mass could be influenced by the dark energy properties in the IDE cosmology.
In the present work, we investigate the impacts of dark energy properties on the constraints on the neutrino mass in the IDE cosmology. The cases of different mass hierarchies, NH and IH, will also be considered in this study. For comparison, we will also consider the case of DH with m 1 = m 2 = m 3 (i.e., the mass splittings are neglected).
In the IDE cosmology, the energy conservation equations of the dark energy density (ρ de ) and the cold dark matter density (ρ c ) satisfy
where a is the scale factor of the universe, H = a /a is the conformal Hubble parameter, the prime is the derivative with respect to the conformal time η, w is the equation of state (EoS) parameter of dark energy, and Q is the energy transfer rate. Usually, the form of Q is assumed to be proportional to the dark energy density or dark matter density, i.e., Q = βHρ de or Q = βHρ c [57, 76, 81, 84, 88, 95, 104, 105, 108, 121, 125] , where β represents a dimensionless coupling strength and H is the Hubble parameter. We can see that in this description, the Hubble parameter appears in the form of Q, which is just for the convenience of calculation. Actually, there is another perspective, namely, the form of Q should not involve the Hubble parameter H because the local interaction should not be determined by the global expansion of the universe [80] . Therefore, another form of Q is assumed to be Q = βH 0 ρ de or Q = βH 0 ρ c [90, 115, 121, 125] , where the appearance of H 0 is only for a dimensional consideration. The both forms have been explored widely in the literature. From the perspective of phenomenology, the both assumptions of Q should be tested with cosmological observations. In this paper, as the first attempt to explore the impacts of dark energy properties on constraints on the neutrino mass under the consideration of the mass hierarchy in IDE cosmology, we do not consider all the possible, potential forms of Q, but instead we only consider one typical phenomenological form, i.e., Q = βH 0 ρ c , as a concrete example, to complete the analysis. Note also that, we choose Q (2), β > 0 means cold dark matter decaying into dark energy, β < 0 means dark energy decaying into cold dark matter, and β = 0 means no interaction.
In this study, we consider two typical interacting dynamical dark energy models, namely, the interacting w cold dark matter (IwCDM) model and the interacting holographic dark energy (IHDE) model. We will investigate how the dynamical property of dark energy impacts on the constraints on the neutrino mass in the IDE models. In addition, we also investigate whether the mass hierarchies can be distinguished after considering the neutrino mass splittings in these IDE models. Finally, we wish to see whether some hint of the existence of interaction can be found by the current cosmological observations. This paper is organized as follows. In Sec. II, we first describe the interacting models of dynamical dark energy and the analysis method, and then introduce the observational data used in this work. The results are shown and discussed in Sec. III. The conclusion is given in Sec. IV.
II. METHODOLOGY
The IwCDM and IHDE models are the interacting versions of the wCDM and HDE cosmologies, respectively. In the wCDM model, the EoS parameter of dark energy is assumed to be a constant. In the HDE model, the EoS of dark energy is w = − Ω de (a), where Ω de (a) is the solution of a differential equation [130] [131] [132] [133] . Note that the HDE model is constructed based on the effective quantum field theory and the holographic principle of quantum gravity theory [132] . In the HDE model, the dark energy density is assumed to be of the form
EH , where c is an dimensionless parameter that eventually determines the cosmological evolution of the dark energy, M pl is the reduced Planck mass, and R EH denotes the event horizon size of the universe. For the details of the HDE model, see, e.g., Refs. [46, 133] . The background evolutions of the IwCDM and IHDE models are determined by combining Eqs. (1) and (2) with the background equations of the wCDM and HDE cosmologies.
Since both the interaction Q and the dark energy parameter w (or c) could affect the limits of the neutrino mass [50, 54, [56] [57] [58] 75] , the above two IDE models would have different effects on the constraints on the neutrino mass. For comparison, the constraint results of the corresponding cases of the IΛCDM model (i.e., the model of vacuum energy interacting with cold dark matter) are also considered in this paper.
It should also be mentioned that for the IDE cosmology there was a problem of early-time perturbation instability [80, 127] , namely, in some parts of the parameter space of the IDE cosmology, the cosmological perturbations of dark energy are divergent, which ruins the IDE cosmology in the perturbation level. Actually, the pri-mary cause of the problem roots in the fact that we know little about the nature of dark energy (and thus we do not know how to treat the spread of sounds in dark energy fluid that has a negative EoS). In 2014, Yun-He Li, JingFei Zhang, and Xin Zhang [94] established an effective theoretical framework for IDE cosmology based on the extended version of the parameterized post-Friedmann (PPF) approach, which could effectively solve the perturbation instability problem in the IDE cosmology. For the applications of the extended PPF method, see Refs. [99, 105, 114, 121] , and for the original PPF method, see Refs. [128, 129] . In this work, we adopt the extended PPF method [94, 99, 105, 114, 121] to treat the cosmological perturbations in the IDE models.
In the IΛCDM model, there are seven independent base cosmological parameters, which are denoted by {ω b , ω c , 100θ MC , β, τ, ln(10 10 A s ), n s }, where ω b and ω c are the physical densities of baryons and cold dark matter today, respectively; θ MC is the radio between the comoving sound horizon and the angular diameter distance at the decoupling epoch; β is the coupling constant in the IDE cosmology; τ is the Thomson scattering optical depth due to reionization; A s is the amplitude of the primordial power spectrum at the pivot scale k p = 0.05 Mpc −1 and n s is the scalar spectral index. The IwCDM model has an additional parameter w, and the IHDE model has an additional parameter c. In addition, if we want to measure the neutrino mass in cosmology, we then need to consider the additional parameter m ν in the cosmological model. When the total neutrino mass is considered in the IΛCDM, IwCDM, and IHDE models, these cases are called the IΛCDM+ m ν , IwCDM+ m ν , and IHDE+ m ν models, respectively, in this paper. Therefore, the IΛCDM+ m ν model has eight independent parameters, the IwCDM+ m ν model and the IHDE+ m ν model have nine independent parameters.
To constrain the neutrino mass and other cosmological parameters, we employ a modified version of the publicly available Markov-Chain Monte Carlo package CosmoMC [134] . When considering the neutrino mass splittings ∆m 
in terms of a free parameter m 3 for the IH case. In addition, for comparison, the DH case is also considered, and the neutrino mass spectrum is
where m is a free parameter. It should be pointed out that the input lower bound values of m ν are 0.06 eV for NH, 0.10 eV for IH, and 0 eV for DH, respectively.
In this work, we use the mainstream cosmological probes to constrain the cosmological parameters in these IDE+ m ν models. We consider the following data sets:
• The Panck data: We employ the Planck 2015 full data, including the TT spectrum, the TE spectrum, the EE spectrum, and the Planck low-likelihood [135] .
• The BAO data: We employ four baryon acoustic oscillation data including the LOWZ and CMASS samples from BOSS DR12 at z eff = 0.32 and z eff = 0.57 [136] , the SDSS-MGS measurement at z eff = 0.15 [137] , as well as the 6dFGS measurement at z eff = 0.106 [138] .
• The SN data: We use the Joint Light-curve Analysis (JLA) sample [139] , which is obtained by the SNLS and SDSS collaborations as well as using several samples of low redshift light-curve analysis.
• The H 0 data: We employ the recent distanceladder measurement of the Hubble constant H 0 = 73.24±1.74 km s −1 Mpc −1 [140] .
The combination of these cosmological data sets can, to the utmost extent, break the parameter degeneracies in the cosmological models, and thus in this work we use such a combination, i.e., Planck+BAO+SN+H 0 , to explore the neutrino mass and mass hierarchy in the IDE models. This usage also enables us to conveniently compare the results in this work with those obtained in previous works, e.g., Refs. [57, 76, 121] . In the next section, we will report and discuss the fitting results in the light of this data-set combination.
III. RESULTS
In this section, we report the fitting results of cosmological parameters for the IΛCDM+ m ν model, the IwCDM+ m ν model, and the IHDE+ m ν model. For these models, we further consider three neutrino mass hierarchies, i.e., the NH, IH, and DH cases. We use the Planck+BAO+SN+H 0 data combination to constrain these models, and the fitting results for cosmological parameters are given in Tables I-III and Figs. 1-3 . In these tables, the best fit values with ±1σ errors are presented, but for the parameter that cannot be well constrained (i.e., m ν ), the 2σ upper limits are given.
A. Neutrino mass
In the IΛCDM+ m ν model, we obtain m ν < 0.248 eV for the NH case, m ν < 0.283 eV for the IH case, and m ν < 0.214 eV for the DH case. In the IwCDM+ m ν model, we obtain m ν < 0.205 eV for the NH case, m ν < 0.237 eV for the IH case, and 
The two-dimensional marginalized contours (1σ and 2σ) in the mν -β plane for the IΛCDM+ mν (NH, IH, and DH), IwCDM+ mν (NH, IH, and DH), and IHDE+ mν (NH, IH, and DH) models from the data combination of Planck+BAO+SN+H0. m ν < 0.161 eV for the DH case. In the IHDE+ m ν model, we obtain m ν < 0.174 eV for the NH case, m ν < 0.211 eV for the IH case, and m ν < 0.125 eV for the DH case. We find that, for these three models, the constraint results of m ν are loosest in the IH case, and for the DH case the constraints on m ν are tightest. The cosmological constraints on neutrino mass with the consideration of mass hierarchy in the IΛCDM model have been studied in Ref. [75] , and it was found that the IΛCDM+ m ν models with Q = βHρ de or Q = βHρ c lead to much tighter limits on m ν in the DH case and much looser limits on m ν in the IH case. Evidently, although the form of interaction considered in this work is different from those taken in Ref. [75] , our constraint results of neutrino mass in the three mass-ordering cases (NH, IH, and DH) in the IΛCDM cosmology are consistent with those in the previous study [75] .
Compared with the IΛCDM+ m ν model, we find that the upper limits on m ν become slightly smaller in the IwCDM+ m ν model. This is different from the conclusion in the previous studies in which the interaction between dark sectors is absent in the cosmological model [50, 54, 56] . In Refs. [50, 54, 56] , it is found that, compared with the ΛCDM model, the constraints on m ν become much looser in the wCDM model. But in the case of the IDE cosmology, compared with the IΛCDM+ m ν model, the IwCDM+ m ν model leads to slightly tighter limits on m ν . The IHDE+ m ν model gives the most stringent upper limits on the neutrino mass in these three models, which is accordant with the conclusion in the previous studies on the HDE model (without interaction) [50, 54] . Figure 1 shows the joint constraints on the IΛCDM+ m ν , IwCDM+ m ν , and IHDE+ m ν models in the m ν -β plane. From the figure, we can clearly see that in the IDE cosmology the dark energy properties can evidently affect the upper limits on the total neutrino mass m ν . Next, we plot the two-dimensional marginalized contours (1σ and 2σ) in the m ν -w and β-w planes for the IwCDM+ m ν model and in the m ν -c and β-c planes for the IHDE+ m ν model by using the Planck+BAO+SN+H 0 data in Figs. 2 and 3 . From the top panel of Fig. 2 , we can see that m ν is in slight positive-correlation with w, which is different from the case of wCDM (without interaction) because in the wCDM model m ν and w are in anti-correlation [50, 54, 56] . From the top panel of Fig. 3 , we can clearly see that w is in strong positive-correlation with β. Thus, it is the coupling parameter β that influences the correlation between m ν and w. According to the slight positive-correlation, a smaller w leads to a smaller m ν . Therefore, it can be understood that it is the consideration of the interaction between dark energy and dark matter in the wCDM cosmology that makes the upper limits on m ν change greatly, which explains why the limits on neutrino mass in the IwCDM model are smaller than those in the IΛCDM model. From the bottom panels of Figs. 2 and 3 , we see that the correlation between m ν and c is not obvious (actually, still slightly anticorrelated) and β is positively correlated with c in the IHDE+ m ν model. For the case of HDE model [50, 54] , it is found that m ν is evidently anti-correlated with c. Thus, after considering the interaction between dark energy and dark matter in the HDE model, the correlation between m ν and c is also influenced. From the above analysis, we find that the consideration of interaction between dark energy and dark matter in dynamical dark energy models can lead to the change of correlation between m ν and dark energy parameter, and thus leads to the change of the limit of m ν . In Tables I-III, [29, 50, 54] .
In addition, for the three different neutrino mass hierarchy cases, we find that in the DH case the values of χ 2 min are the smallest, which is consistent with the previous studies [52, 54, 75] . We also find that the difference ∆χ 2 = χ 720 for the IHDE+ m ν model. Namely, the NH case fits cosmological observations better than the IH case, which is also in accordance with previous studies [52, 54, 75] .
B. Coupling constant β
In this subsection, we discuss the constraint results of the coupling constant β in these three IDE (with Q = βH 0 ρ c ) models by using the Planck+BAO+SN+H 0 data combination. The fitting results are listed in Tables I-III. For the IΛCDM+ m ν model (see Table I ), we obtain β = 0.104 −0.057 for the DH case, respectively. Thus, in the IΛCDM+ m ν model with Q = βH 0 ρ c a positive value of β is favored and β > 0 is at the 1.86σ, 2.16σ, and 1.47σ levels, respectively. The cosmological constraints on β in the models of IΛCDM with massive (active/sterile) neutrino have been studied in Refs. [57, 76] . It is found in Refs. [57, 76] that, by using the same data set (Planck+BAO+SN+H 0 ), β > 0 is obtained at more than 1σ level for Q = βHρ c and β = 0 is inside 1σ range for Q = βHρ de . Moreover, the IΛCDM models with Q = βHρ de and Q = βHρ c were also studied in Ref. [105] , in which no evidence beyond the standard ΛCDM model is found, but the observational data used are different from this work and Refs. [57, 76] .
For the IwCDM+ m ν model (see Table II) , we obtain β = −0.033 +0.096 −0.095 for the NH case, β = −0.021 +0.093 −0.103 for the IH case, and β = −0.055 ± 0.094 for the DH case, respectively. Obviously, in the IwCDM+ m ν model β = 0 is favored inside 1σ range (see also Figs. 1 and 3) . Thus in the IwCDM+ m ν model, there is no evidence of a nonzero interaction.
For the IHDE+ m ν model (see Table III) , we obtain β = 0.217 −0.095 for the DH case, respectively. Evidently, we find that, in the IHDE+ m ν model, Planck+BAO+SN+H 0 data combination favor a positive coupling constant β, indicating cold dark matter decaying into dark energy. Moreover, we find that in the IHDE+ m ν model the detection of β > 0 turn out to be at more than 2σ level. The cosmological constraints on β in the IHDE (without free neutrino mass parameter) model have been discussed in Ref. [121] ; it is found that β = 0.207 +0.091 −0.093 for the Q = βH 0 ρ c case by using Planck+BAO+SN+H 0 data combination, indicating β > 0 at 2.23σ level. Thus, the consideration of active massive neutrinos in the IHDE model also almost does not influence the constraint results of β, which is accordant with the conclusion in the previous study on the IΛCDM model [76] .
IV. CONCLUSION
In this paper, we constrain the total neutrino mass in the interacting w cold dark matter model and the interacting holographic dark energy model with a typical energy transfer form Q = βH 0 ρ c . We consider three neutrino mass hierarchy cases, i.e., the NH, IH, and DH cases. To calculate the dark energy perturbations in these models, we employ the PPF approach (extended version) for interacting dark energy cosmology. We use the Planck 2015 CMB temperature and polarization data, in combination with other low-redshift (BAO, SN, and H 0 ) observations, to constrain these models.
Under the constraints of Planck+BAO+SN+H 0 data combination, we find that the dark energy properties could influence the constraint limits on the total neutrinos mass m ν . Compared to the IΛCDM+ m ν model, the limit of m ν becomes slightly tighter in the IwCDM+ m ν model, and the limit becomes much tighter in the IHDE+ m ν model. Moreover, we compare the χ 2 min values for the different neutrino mass hierarchies in these three IDE models. We find that, for all the IDE models, the χ 2 min values in the NH case are slightly smaller than those in the IH case, which means that the NH case is more favored by the current observational data than the IH case. In particular, the χ In addition, by using the Planck+BAO+SN+H 0 data combination, we also find that the dark energy properties could influence constraint results of β. For the IwCDM+ m ν model, β=0 is inside the 1σ range, which implies that there is no evidence of a nonzero interaction. For the IHDE+ m ν model, we find that β > 0 is favored at more than the 2σ level, which implies cold dark matter decaying into dark energy.
